Cytochrome oxidase activity was evaluated cytochemidy in rod photoreceptor cells in the retina of the cichlid fuh Onwcfuomis massambias &er different stimulation protocols. The enzyme activity was assessed semiquantitatively by estimatiag the volume ratio of mitochondria c l a d k d m r d i n g to the intensity of enzyme reactivity. Dark adaptation for 5 hr induced an increase of qtochrome oxidase activity both in vivo and in vitro, i.e., in isolated retinas. Short-term illumiaation (1 hr) of isolated retinas adapted previously in vivo to darkness caused a signifcant deaease of enzyme activity, whereas short-term darkening after in
Introduction
Cytochrome C oxidase is the catalyst for the final step in the respiratory chain in mitochondria, uatlsfrrzing electrons from cytochrome C to oxygen, which is a prerequisite for restoration of the universal energy carrier ATP. Cytochemical analyses have revealed that the activity of cytochrome oxidase varies considerably among different mitochondria, even within a single cell (Wong-Riley, 1989) . The distribution of mitochondria with highly active cytochrome oxidase reflects the energy demand of cells and tissues. Especially in the nervous system, a characteristic correlation between active neurons or even parts of neurons (synapses) and high cytochrome oxidase activity was observed (Wong-Riley, 1989; Wong-Riley et al., 1978 . In nerve cells, most of the energy is consumed for ion transport mechanisms and therefore a direct link between neuronal activity, ATP consumption, and ATP production is evident.
Changes in cytochrome oxidase activity in response to functionally relevant demands were observed in a time scale of days and weeks, e.g., during ontogenetic differentiation ( h u h et al., 1993; Mjaatvedt and Wong-Riley, 1988) , during degeneration and regeneration after optic nerve crush in fish (Kageyama and Meyer, 1988) , and after retinal impulse blockage with tetrodotoxin . It is assumed that regulation of gene expression and Correspondence to: Prof. Dr. H. Rahmann, Institute for Zoology (220). University Hohenhcim, D-70593 Stuttgart, Germany. vivo light adaptation had no effect. Chemical stimulation for 15 mia with increased K + concentration (20 mM) reduced the enzyme activity, i.e., chemical depolarization did not have the same effrct as depolarization induced by darkening. Significant changes in cytoduome oxidase activity were apparent withia 1 hr of stimulation, so that this method for analysis of neuronal activity can be applied even in shortterm experiments. (J Histochem Cytochem 43:917-925,
1-95)
KBY WDRDS: Cytochrome oxidase; Retina; Electron microscopy; Light adaptation. mitochondrial DNA copy number and activation or degradation of precursor proteins are the primary mechanisms of cytochrome oxidase activity regulation in neurons and that the capacity of mitochondria for ATP production is sufficient for short-term increases in cellular activity (Liu and Wong-Riley, 1994; Hevner and Wong-Riley, 1994) .
Light adaptation in the retina is a process that occurs rather rapidly but is accompanied by dramatic structural changes, especially in the fish retina. Within less than 30 min after light onset, horizontal cells form many cell processes (spinules), which penetrate the photoreceptor cells of fish and turtles (Wagner and Djamgoz, 1993; Weiler and Janssen-Bienhold, 1993; Akopian et al., 1992) . In chicken photoreceptor cells, extended membrane loops are observed a few minutes after changes from dark to light conditions and also after changes in the opposite direction (Cooper and McLaughlin, 1982) . The length of the synaptic ribbon is rapidly altered (Voll- rath et al., 1989; Wagner, 1973) , and in lower vertebrates pigment and photoreceptor cells react to changing illumination with shortening or elongation. the sq-cded retinomotor response. In addition to these structural changes an increase of cytochemically pmipitated calcium in synaptic vesicles was observed during the dark phase, indicating increased turnover of calcium and transmitter in the dark (Kortje and Kortje, 1992) .
In many aspects, photoreceptor cells are extremely dynamic and their structure and physiology change rapidly in response to altered light conditions. These changes of cellular activity might result in altered energy demands which could be accompanied by altered cytochrome oxidase activity. Therefore, in the present study the activity of cytochrome oxidase in photoreceptor cells was analyzed by cytochemistry as a marker for energy metabolism under different stimulation parameters.
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Materials and Methods
Young adult (6-10-cm body length) cichlid fish Oreochromis ~OJJLZV&-cusPefers were used for this study. The fish were kept and bred under standard conditions in the Institute for Zoology of the University Hohenheim in Stuttgart. Germany. The fish were maintained at 22-25'C and a 1ight:dark cycle of 12 hr:12 hr for at least 2 weeks before stimulation with moderate aquarium illumination of approximately 2000 Lux. The fish were anesthe-tized by immersion in ice water. which immobilized the animals immcdiately. After decapitation, the retinas were rapidly dissected under dark red light (dark-adapted fish) or under normal illumination in the laboratory (light adaptation). The cornea and lens were dissected away, together with as much of the vitreous body as possible. The eye cup was then filled with fixative so that the retina was fixed in situ, or the retina was dissected out of the eye cup for in vitro experiments and transferred into fish Ringer solution according to Weiler et al. (1988) (I16 mM NaCI, 5 mM KCI, 2.5 mM CaCI2, 10 mM glucose in 12 mM HEPES buffer, pH 7.5). The retinas were kept in Petri dishes without additional oxygenation because preceding experiments had shown that these in vitro conditions are appropriate to keep the retinas for more than 8 hr without relevant ulvasrmctural changes. 5500 Lux) or kept in darkness for 5 hr, beginning 2 hr after onset of the light phase. Parts ofthe retinas were directly fixed, but additional udmed samples were stimulated in vitro for 1 hr with the opposite light condition, i.e., 1 hr in vitro illumination after 5 hr in vivo darkness, and vice versa.
In addition, fish were sacrificed 2 hr after light onset without additional illumination and the isolated retina used for in vitro illumination or darkness for 5 hr or in a parallel experiment for chemical stimulation with increased KCI concentration [20 mM, according to fipps and Chap-pel1 (l991)] in fish Ringer fluid for 15 min.
CytoctuDme O x i h Cytochemistry. The f~ retinas (at least three pieces from each treatment) were fmed in 2% freshly prepared formaldehyde with 1% glutaraldehyde (Plano; Heidelberg, Germany) in 0.1 M phosphate b a r , pH 7.4, for 2 hr at 6'C (Wong-Riley, 1979). The tissue was washed in 2% sucrose in 0.1 M phosphate buffer (five times for 5 minutes) and incubated in a medium containing 25 mg 3,3'-diaminobenzidine (Sigma; Deisenhofen, Germany), 25 mg cytochrome C (Sigma), and 2% sucrose in SO ml 0.1 M phosphate buffer, pH 7.4, for 2 hr at 37'C in the dark. After another wash and post-fmtion in 1% os04 (Serva; Heidelberg, Germany) in 0.1 M phosphate buffer, the tissue was dehydrated in graded ethanol and embedded in Araldite (Plano) via propylene oxide as intermedium. All chemicals were of analytical grade and were purchased from Merck (Darmstadt, Germany) if not stated otherwise. The specificity of the cytochemical reaction was proven by incubation in the presence of 10 mM KCN, which completely suppressed the formation of reaction product.
Electron Microscopy. Ultra-thin sections of approximately 60 nm were prepared with an Ultratome IV (LKB) and mounted on uncoated copper grids. The sections were analyzed with the energy-filtering transmission electron microscope CEM 902 (hiss; Oberkochen, Germany) with a prismmirror-prism spectrometer in the so-called structure-sensitive imaging mode, with an energy window of dE = 15 eV (Reimer et al., 1992) . In this mode, inelastically scattered electrons with an energy loss of 250 eV are selected for imaging using a slit selector in the energy-dispersive plane of the microscope, and this produces images with a very high but reversed contrast (darkfield-like appearance). Ultrastructural details were therefore clearly ated with a digital image analysis system (Viper; Gesotec, Darmstadt, Germany) using a TV camera for recording the image information from the negatives.
Results
Quant@cation of Cytochrome Om&e Activity
According to Wong-Riley (1989) , three classes of cytochrome oxidase reactivity were discriminated ( Figure 1 ): (a) highly reactive mitochondria, dense reaction product in intermembrane and inuacristae space; (b) moderately active mitochondria, reaction product only in intermembrane or intracristae space; and (c) non-reactive or lowreactive mitochondria, no reaction product or very small and sparse precipitates. Cytochemical staining of cytochrome oxidase revealed characteristic differences between mitochondria even within a single photoreceptor cell, but each individual mitochondrion appeared to have uniform and characteristic activity. It can be assumed that even the "non-reactive" mitochondria have cytochrome oxidase activity, but on a much lower level than the other groups. The most impressive difference was observed between highly reactive mitochondria and the rest. Therefore, only these results are presented in most of the figures, although all three classes were measured. The data are given as area percentage of highly reactive mitochondria in electron micrographs, taking the total mitochondrial area in the image as 100%. By this means, the volume ratio ofmitochondria is estimated, which is a generally accepted and widely used parameter for cytochrome oxidase quantification (Wong-Riley, 1989) . It should be stressed that this quantification procedure does not and need not take into account the density of the reaction products for classifying the mitochondria, but only the localization of the reaction product. Reproducible staining of mitochondriawas observed always throughout all layers of the whole retina, so that penetration problems of the incubation constituents apparently did not occur.
All micrographs were evaluated by two independent observers with coded identification numbers. In a first series, 10-12 rod pho- toreceptor cells from three tissue blocks each of one dark-and one light-stimulated fish were measured. The low variability between the different blocks and the low personal variability (Figure 2) diminished the effort necessary to 10-15 rods from each animal, sampled from two different blocks.
The absolute data for each of the five different incubations var-ied considerably (Figure 3 ). but the differences between the experimental and the control animals were always observed and were mostly significant.
Ultrastructure of Photoreceptor Cells ana' Distribution of Cytochrome Om'dase Activity
Photoreceptor cells in the fish retina, rods and cones, are highly specialized sensory cells with a characteristic cellular compartmen-tation (Figure 4) : the outer segment (OS), a cilium with extended membrane stacks containing the photopigment, the ellipsoid (E), which consists of tightly packed mitochondria, the myoid (MY), which is capable of contraction (retinomotor) and which contains endoplasmic reticulum, Golgi apparatus and other organelles, the nuclear region in the outer nuclear layer (OM) of the retina, and the synaptic terminals in the outer plexiform layer (OPL) making contacts with processes from bipolar and horizontal neurons. The mitochondria are concentrated almost exclusively in the ellipsoid and therefore the energy metabolism is easily accessible. The densely packed mitochondria in the ellipsoids of rods exhibit a characteristic enzyme activity for every mitochondrial profile, but in many cell profiles mitochondria from all classes of reactivity are observed that do not show any additional structural differences (Figure 1 ).
Mitochondria are sometimes observed within the pre-synaptic terminal of photoreceptor cells in the OPL. These mitochondria generally exhibit medium or low cytochrome oxidase activity (Figure 5) .
Mitochondria in cones of the cichlid fish retina have a unique ultrastructure with dilated matrix spaces. Even in these mitochondria, classification according to the amount of reaction product is possible ( Figure 6 ), but the estimation of volume ratios is not useful for analysis of cytochrome oxidase because most of the volume is occupied by the enlarged matrix spaces. Therefore, in this experimental series the quantitative analysis was restricted to the rods only, which have conventional mitochondria.
Influence of Light Adaptation and Chemical Stimulation on Cytochemically Detectable Cytochrome Oxidase Activity in Rods of the Cichlid Fish Retina
Light stimulation of the fish for 5 hr, 2 hr after the onset of their normal light phase, caused drastic and significant changes in the amount of cytochrome oxidase in rods. Dark-adapted fish had more than three times as many highly reactive mitochondria than the illuminated fish (Figures 7 and 8) . Compared with unstimulated fish 2 hr after beginning of the light phase with normal dim aquarium illumination, the decrease in illuminated fish was more conspicuous than the increase in dark-adapted fish (Figure 8) .
In addition to the in vivo illumination of living fish, isolated retinas were also studied after 5-hr light or dark stimulation and showed principally the same results as the in vivo retinas, although in some preparations the photoreceptor cells were damaged during the dissection so that fewer animals could be evaluated ( Figure  8) . The overall ultrastructure after in vitro stimulation was sufficiently good (Figures 8a and 9b) , but unfortunately the outer segments of the photoreceptor cells were so closely intermingled with the pigment cells in the original state of moderate light adaptation that they were torn off during dissection.
Short-term effects in isolated retinas were analyzed after 5-hr in vivo adaptation of intact fish, rapid dissection of the retinas, and 1-hr light conditions in the opposite direction from the original long-term adaptation. Short-term illumination after long-term dark adaptation caused a drastic decrease in cytochrome oxidase -i Figure 6 . Ellipsoid filled with mitochondria and basal part of outer segment (OS) of cone photoreceptor cell in the retina of cichlid fish after cytochrome oxidasecytochemistry The matrix of mitochondria in this cell type is enlarged, and intense staining is detectable in the intermembrane space between the inner and outer mitochondrial membranes Bar = 03 Mm activity of 65%, almost as intense as in 5-hr in vivo illuminated fish. One-hr dark in vitro after in vivo light adaptation, however, did not show any characteristic effect on cytochrome oxidase (Figure IO) .
A chemical stimulation of in vitro retinas was performed in addition to the light stimulation by applying increased potassium concentrations (20 mM KCI for 15 min). This treatment caused some structural changes in both rod and cone photoreceptor cells (Figures 9c and 9d) , with moderate enlargements of the synaptic vesicles. A prolonged exposure of more than 30 min damaged the tissue considerably. However, the mitochondria in the ellipsoids were almost unchanged; only the cristae were slightly enlarged. Cytochrome oxidase activity was reduced after U-min potassium treatment (Figure 11 ), but because of the high variability this finding is statistically not significant.
In conclusion, the area fraction of highly reactive mitochondria in rod photoreceptors can be used as a reliable estimate of cytochrome oxidase activity. These cells react to different stimulations under all conditions used. Changes in cytochrome oxidase activity occur within less than 1 hr after experimental stimulation and generally during full adaptation to bright or low light conditions. 
Discussion
The ultnstructunl, semiquantitativc estimation ofcytochrome oxidase activity has proven to be a very powerful tool for analysis of the energy metabolism and therefore as a marker for regional activity. especially in nerve c e k (Wong-Rdey et al., 1978) . This method has been applied successfully for analysis of differentiation and development ( Wong-Riley and Riley, 1983) , pathological alterations (Caldwcll and Slapnick. 1989) . and many other phenomena, but all of these processes were studied within hours or evcn days. Short-term effects of altered functional needs were only recently observed with light microscopy in the rat retina (Chen et al., 1992) . It must be admitted, however, that cytochrome oxidase cytochemistry is not completely understood, because in principle evcry mitochondrion must possess this enzyme activity to guarantee energy production via the respiratory chain. Therefore. it can be m m e d that the cytochemically detectable cytochrome oxidase activity represents only part of the total activity. The number of mitochondria within a given cellular region might therefore be an indicator of the overall energy need in a long-term scale, whereas the highly active cytochrome oxidase constitutes the true increase in energy production required for special needs. A complete description of cytochrome oxidase should therefore include the estimation of the total amount of mitochondria within the test cell or cell region (in volume ratios) and the ratio of the different reaction classes as an activation marker. Light microscopic analysis of cytochrome oxidase activity in the vertebrate retina revealed high activity in different layers, which primarily reflects the distribution of mitochondria (Kageyama and Meyer, 1988) . In the mammalian retina, differences between two sublaminae of the inner plexiform layer were described and correlated with offand on-center neurons (Lachica et al., 1987; Kageyama and Wong-Riley, 1984) . In the rat retina, even alterations of cytochrome oxidase activity were described after thalamic lesions Uen et al., 1989) . The influence of light adaptation within a physiological range, however, has not yet been studied with electron microscopy. In the retina of Oreocbmnris, cytochrome oxidasereactive mitochondria were detected in all layers. In photoreceptor cells, most mitochondria are concentrated in the ellipsoid of the inner segment, but occasionally they can also be observed in the pre-synaptic terminals. These mitochondria often have an unusual appearance that might be mistaken as multivesicular bodies, as has been described for amphibian photoreceptor cells (Schmied and Holtzman, 1987) , which do not contain any mitochondria within the synaptic terminals. In the fish retina, however, the cytochrome oxidase activity in these organelles proves that these are mitochondria. All parts of active photoreceptor cells have a high energy demand, the outer segment for signal transduction, restoration of photopigment and ion transport, the cenual part for synthesis, and the pre-synaptic terminal for transmitter release and membrane recycling. Illumination results in the closing of sodium channels, causing hyperpolarization of the cell. This means effectively an inhibition of the photoreceptor cell, with a decrease in transmitter release (Koutalos and Yau, 1993) . Therefore, the photoreceptor cell is more active under dark than under light conditions in terms of transmitter release, calcium metabolism, and changes in the membrane potential. Increased cytochrome oxidase activity in the dark might provide for the increased energy demand in this situation. The shdt occurs rapidly, within less than 1 hr, when dark-adapted retinas are illuminated, but not so fast in the reverse direction. The light-dependent decrease in cytochrome oxidase activity might therefore reflect an adverse effect of light (Hansson, 1970) rather than an adaptation to the reduced energy demand. The findings after chemical depolarization with potassium ions corroborate this interpretation. The control group in this experiment was composed of fish taken directly from the aquarium without special adaptation to dark or light. These showed intermediate values between dark-and light-adapted fish. Potassium treatment reduced the cytochrome oxidase activity, although the depolarization should mimic dark conditions with increased activity. However, the retinal tissue and the photoreceptor cells are damaged by prolonged exposure to this treatment, and this might cause inactivation of cytochrome oxidase. Drastic structural e&as of K ' treatment, which are partly reversible, have been described for the skate retina (Ripps and Chappell, 1991) , so that this stimulation is beyond the physiological range, although the concentration and time are frequently used for electrophysiological studies.
The experimental findings may therefore support the theory of retinal damage caused by intense illumination (Ham et al., 1979; Hansson. 1970) , but even under normal physiological conditions the light intensity changes drastically and the difference between dark-adapted fish and the control group from the chemical stimulation experiment showed a shift to higher enzyme activity in darkadapted fsh. Therefore, the cytochrome oxidase activity in rod photoreceptor cells appears to adapt to the actual retinal situation, just as many other parameters do, e.g., length of the synaptic ribbon (Wagner, 1973) , formation of spinules (Wagner and Djamgoz, 1993) . and membrane loops (Cooper and McLaughlin, 1982) . A circadian rhythm was described for these morphological parameters, but there appear to be many species differences. It might be helpful to compare cytochrome oxidase at different times of the diurnal light cycle in a strictly diurnal species to determine if the enzyme activity reflects the morphological changes only or the actual energy demand depending on ion transport and signal d u c t i o n .
Cone photoreceptors exhibit a mom pronounced reaction to hght stimulation than rods, by displaying rapid and extensive motility.
Unfortunately, the unusual mitochondria in the ellipsoids of cones with extended matrix space preclude quantification according to the general rules (volume ratios of mitochondria in di&rent reaction classes). However, in theory it is possible to estimate the mas of mitochondtizl inner mcmbraae with the di&ent reaction h, so that reliable quantification should be possible, but this was not a subject of the present study.
Cytochrome oxidase cytochemistry not only is a useful tool for analysis of the overall energy metabolism of cells and tissues but may also indicate whether experimental treatments zte h d l to the cells or whether they are within a physiological range. Even short-term changes in the energy demand can be detected with this method. Therefore, this parameter bridges the gap between structural and functional investigations. 
